• Nanofibers of polyamide (PA) were fabricated via electrospinning process • The average fiber diameter of PA nanofibers was found to be 220 nm • The solution concentration showed major influence on the performance of PA nanofibrous filters • The highest aerosol filtration efficiency was found to be 96% at optimum conditions Abstract Due to their high filtration efficiency and low basis weight nanofibrous filters are suitable for filtration applications. The objective of this study was to investigate the effect of electrospinning parameters including polymer solution concentration (10-15 wt.%), applied voltage (15-25 kV) and tip-collector distance (7.5-12.5 cm) on the filtration efficiency of polyamide (PA) nanofibers. The morphology of the PA nanofibers was characterized using scanning electron microscope (SEM) analysis. The SEM image results indicated that the average fiber diameter of PA nanofibers was 220 nm at PA solution concentration of 12.5 wt.%, applied voltage of 20 kV, tip-collector distance of 10 cm, flow rate of 0.5 mL h -1 , temperature of 25 °C and humidity of 40%. The obtained results showed that the highest quality factor and efficiency of 7.02×10 -2 Pa -1 and 96% were optimal parameters for nanofibrous filters during 30 and 240 min of electrospinning time, respectively. The presented study showed that the morphology optimization of nanofibers is an effective method for improvement of filtration performance.
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The removal of air pollution due to the increasing industrial air emissions and automobile exhaust is a very important factor of preserving human health and environmental protection [1] . The fine particles less than 2.5 μm in diameter, have a negative effect on the respiratory and pulmonary organs [2] . Air filtration is one of the most widely applied methods for removing suspended particles from the air. In recent studies, the nano-fibrous filters prepared by electrospinning process due to the high filtration efficiency and low basis weight are used in the air purification processes [3] [4] [5] [6] . The electrospun nanofibers due to their unique properties such as high specific surface area and high porosity with fine pores have a higher potential for filtration applications [7] [8] [9] . In the electrospinning technique, high voltage is applied between a nozzle and a collector where an electrically charged jet of polymer or composite solution creates. The solvent evaporates before reaching the collector and the fibers with micro or nano-sized diameters assemble on the collector [10] . According to the filtration theory, a reduction in fiber size leads to better filtration efficiency [11] . The diameter of nano-fibrous filters can be controlled by various parameters such as polymer solution properties, process and ambient conditions [12] [13] [14] . Solution parameters such as viscosity, conductivity, and surface tension; process parameters such as voltage, distance between needle tip and the collector, and geometry of the collector; also ambient parameters such as temperature and humidity affect the formation of the fibers and fiber morphologies. The morphological structure of nano-fibers plays a pivotal role on the filtration performance.
In recent studies, various polymeric nanofibers were developed by electrospinning process for air filtration applications [15] . Li et al. produced a thin layer of polylactic acid (PLA) nanofibrous media. They indicated that the filtration efficiency increased due to enhancement in the thickness of PLA nanofibers [16] . Qin and Wang produced the poly(vinyl alcohol) nano--fibrous filter [17] . Vitchuli et al. [18] found that depositing ultrathin Nylon 6 nanofiber mats improve the filtration efficiency to 99.5% without sacrificing air permeability. Yun et al. prepared the polyacrylonitrile nano-fibers with diameters in the range of 270-400 nm by electrospinning for use as a filter media. They found that the electrospun filters had higher efficiency compared to commercial filters [19] . Shin produced polystyrene fibers from recycled expanded polystyrene through electrospinning. They found that adding nanofibers to conventional micron-sized fibrous filter media improved the separation efficiency of the filter media from 61 to 91% [20] . Faccini et al. prepared polyamide-6 (PA-6) nanofibrous filter by electrospinning process [21] . Marsano et al. showed that PA-6 nanofibers of 100 to 600 nm in diameter were successfully prepared. The electrospun PA-6 nanofibers exhibited good mechanical properties, such as a high--tensile strength (12±0.2 MPa) and elongation (300± ±50%) [22] . Guibo et al. [23] showed that the electrospun PA-6 nanofiber membrane had good filtration potential for the microparticles with 0.3 µm diameter.
Matulevicius et al. [24] compared the performance of PA-6 and PA-6/6 nanofibers for air filtration application. Kim et al. [25] examined the filtration efficiency of the Nylon 6 nanofilters and the commercial HEPA filter media. The Nylon 6 nanofibrous filter had less pressure drop performance compared to HEPA filter.
In the present study, the PA-6 nanofibrous filters were prepared by the electrospinning process, and the effects of parameters including polymer solution concentration, applied voltage and tip-collector distance on the filtration efficiency of PA-6 nanofibers were investigated. Additionally the performance of PA nanofibers was tested as a function of quality factor at different electrospinning times.
EXPERIMENTAL Materials
Polyamide-6 was provided from DSM Company (DSM, Netherlands). Formic acid (98 wt.%) was obtained from Sigma-Aldrich (Sigma Aldrich, St. Louis, MO, USA). The polyester based fabric was selected as a substrate.
Preparation of PA-6 nanofibers
The PA-6 solutions were prepared by dissolving PA-6 in formic acid under constant stirring for 3 h before electrospinning process. The prepared solutions were poured into the 5 mL plastic syringe equipped with a syringe needle. The syringe was placed into a KD programmable syringe pump in order to control the solution feeding rate. High voltage was applied between a needle and a cylindrical collector resulting in polyamide nanofibers being produced on the polyester substrate. Schematic diagram of the electrospinning process is shown in Figure 1 . and 1000 rpm, respectively.
Filtration process
The schematic diagram of the filtration process is shown in Figure 2 . A mono-dispersed electrospray aerosol generator (TSI ESP-3480) was used to ensure uniform aerosol concentration. The particles generated by the machine had a particle size ranging from 100 to 300 nm. The upstream and downstream aerosol concentrations were determined by a condensation particle counter (Model 5.412, GRIMM Co). The aerosol filtration efficiency (η) was defined as follows:
where C up and C down are the aerosol concentrations before and after passing through the filtration media, respectively. The aerosol filtration efficiency was measured for the face velocity of 5 cm s -1 . The pressure drop was measured by a pressure sensor (model P300-5-in-D, Pace Scientific Inc., USA) before and after filtration. Prior to filtration tests, all nanofibrous filters were discharged by a filter charge neutralizer.
Each experiment was performed in triplicate and the results were given as averages.
Characterization of nanofibrous filter
The morphology of the optimized nanofibrous filter was determined using scanning electron microscopy (SEM, MV2300) after gold coating. The average diameter and the diameter distribution for nano--fibers were obtained by image analyzer (ImageProplus, Media Cybrernetics).
In order to estimate the average diameter, at least 50 different fiber segments were randomly selected and their diameters were measured out to generate an average fiber diameter.
RESULTS AND DISCUSSION
Effect of solution concentration on the filtration efficiency of PA-6 nanofibers Thinner fibers have higher filtration efficiency. Solution concentration is considered to be among most important parameters determining fiber morphology and diameter. For lower concentrations, the lower viscosity of solution resulted in the formation of bead fibers [26] . By increasing concentration, the fibers became homogeneous with thinner diameters. Increased stability of solution jet resulted in the fabrication of homogeneous fibers. The higher concentrations lead to larger diameters. For the higher concentrations, the movement of the polymer chains is restricted thus limiting the ability of the jet to stretch, leading to the thicker fibers. Therefore, the optimization of solution concentration for fabrication of homogeneous thinner fibers is very important. The influence of PA solution concentration on the filtration efficiency of PA-6 nanofibrous filters was investigated at different times of electrospinning process. The results are shown in Figure 3 . As shown, the filtration efficiency of the 300 nm in diameter atmospheric particle for the substrate was only 28%.At the same time, the electrospun PA nanofibers significantly increased the filtration efficiency.
The results revealed that the concentration of 12.5% was appropriate for fabrication of homogeneous fibers with thinner fibers as well as higher filtration efficiency for using in filtration process. The filtration efficiency and pressure drop for 10, 12.5 and 15% PA concentrations were found to be 72.3, 86.3, Figure 2 . Schematic diagram of filtration process. and 76.1%, and 25.9, 28.6 and 37.1 Pa, respectively, after 30 min of electrospinning time. The filtration efficiency did not change significantly by further coating of nanofibers. Furthermore, the higher thickness of nanofibers produced the higher pressure drop which was not appropriate for filtration process. Although, the pressure drop for 10% PA was lower than that of 12.5% PA; the quality factor for nano--fibrous filter 12.5% was at the maximum. Therefore, the 12.5% PA concentration for 30 min electrospinning time was selected for further experiments. Effect of applied voltage on the filtration efficiency of PA-6 nanofibers
The applied voltage during electrospinning process is one of the most essential parameters that affect fibers morphology. When the applied voltage increases, the electrical field strength also increases, which causes fiber diameters to decrease [27] . Applied higher voltage causes the acceleration of charge on the spinning solution which leads to increase in the fiber diameter. Therefore, the optimization of applied voltage for formation of thinner nano--fibers and subsequently the maximum filtration efficiency is necessary. The applied voltage effect on the performance of prepared PA nanofibrous filters was evaluated during filtration process. The results are shown in Figure 4 . As shown, the optimal filtration efficiency was achieved at applied voltage of 20 kV for fabrication of PA nanofibers. For the voltage of 15 kV, the applied electrical force is not sufficient enough to form the perfect fibers, which resulted in the lower filtration efficiency compared to applied voltage of 20 kV. At voltage of 20 kV, the formation of homogeneous thinner fibers resulted in the highest filtration efficiency. At the voltage of 25 kV, the higher strength of the electrical field increased the instabilities of jet solution which led to increase in the fiber diameters and decrease in the filtration efficiency. Therefore, the applied voltage of 20 kV was selected for further experiments. Effect of tip-collector distance on the filtration efficiency of PA-6 nanofibers Distance between the needle tip and the collector affected the deposition time, evaporation rate of the solvent and instability interval [28] . For the very short distance, electrical field became very strong which increased the instability of the jet solution and enabled multiple jets emerged from one nozzle resulting in the formation of bead fibers. Increase in the tip-collector distance led to formation of the fibers without presence of the beads. For the very long distance, the electrical field strength became very weak resulting in the diameter fiber increase [28] . Therefore, the optimization of the distance between tip needle and collector had a very important role in the formation of homogeneous and fine fibers. The fine fibers resulted in the higher filtration efficiency. Figure  5 shows the influence of tip-collector distance on the PA filtration efficiency. As shown, the maximum filtration efficiency for the formation of PA fibers was achieved at tip-collect distance of 10 cm. Therefore, the distance of 10 cm was selected for the formation of PA nanofibers as filter media.
Quality factor
The quality factor is often used to evaluate the filtration performance, defined as:
where η is the filtration efficiency and Δp is the pressure drop across the filter. The electrospinning time is the main factor that influenced the nanofiber performance. In order to investigate the electrospinning time on the performance of nanofibers, the fiber media collection time was set for 30, 60, 120, 180 and 240 min under the optimum conditions of electrospinning process. The results are presented in Table 1 . The penetration of nanoparticles through the electrospun filter media was reduced by increasing the filter thickness. Although the pressure drop increased by increasing the electrospinning time and nanofibrous filter thickness (Table 1) , the highest filtration efficiency was found to be 96% for PA nanofibrous filter during 240 min of electrospinning time. However, the higher pressure drop led to decrease in the quality factor of PA/240 nanofibers compared to PA/30 nano--fibers. Therefore, the PA nanofibers for 30 min electrospinning time were more suitable for filtration applications. The SEM image and distribution diameter of PA electrospun nanofibers at solution concentration of 12.5 wt.%, applied voltage of 20 kV, tip-collector distance of 10 cm and flow rate of 0.5 mL h -1 were shown in Figure 6 . As shown, the homogeneous fibers with average diameter of 220 nm formed on the collector.
CONCLUSION
In the presented work, the homogeneous PA nano-fibers were fabricated via electrospinning process for application to the filtration media. The investigation of the electrospinning parameters including solution concentration, applied voltage and tip-collector distance on the filtration efficiency of PA nano--fibers indicated that the solution concentration showed great influence on the performance of PA nano-fibrous filters. Based on the results, the optimal conditions of electrospinning process were found to be solution concentration of 12.5%, applied voltage of 20 kV and tip-collector distance of 10 cm. For the optimal conditions, the obtained maximum quality factor and efficiency were 7.02×10 -2 Pa -1 and 96% for PA nano--fibers at 30 and 240 min electrospinning time intervals. The SEM image showed that the homogeneous nanofibers with average diameter of 220 nm were fabricated on the collector at optimal conditions of electrospinning process. 
